Fourier transform infrared (FTIR
The thermophilic Gram-negative eubacterium Thermus thermophilus HB8 (ATCC27634) expresses cytochromes caa 3 and ba 3 , which serve as terminal oxidases for reducing oxygen to water (1) . The former enzyme has received little attention, whereas the crystal structure of cytochrome ba 3 was recently reported (2) . Both enzymes, in contrast to the eukaryotic cytochrome caa 3 (CcO), 1 also catalyze the reduction of nitric oxide to nitrous oxide under anaerobic conditions (3) . These findings support the hypothesis of a common evolutionary origin of bacterial denitrification and aerobic respiration. Cytochrome caa 3 from T. thermophilus contains a mixed-valence [Cu A 1.5ϩ -Cu A 1.5ϩ ] homodinuclear copper complex, two low-spin hemes (aand c-type), and a binuclear center that consists of Cu B and heme a 3 (1, 2, 4) . The a-type heme in cytochrome caa 3 contains a hydrophobic hydroxyethylgeranylgeranyl group instead of a hydroxyethylfarnesyl chain found in most bacterial and eukaryotic aa 3 oxidases (1) . Heme c in cytochrome caa 3 is covalently bound, providing an entity that has been found only in a few bacteria. Given that caa 3 is a member of the heme-copper oxidases family, it is essential to learn its structure and function and thus understand its dual function in catalyzing the reduction of both O 2 and NO.
The Fourier transform infrared (FTIR) spectra of the CObound heme-copper oxidases have revealed several characteristics of the binuclear pocket, including, from the frequencies of the C-O stretching modes of heme iron and Cu B , the identity of the metal to which the CO is bound, as well as the interactions between the axial ligands and the heme and/or the Cu B environment (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Cryogenic techniques have also been used successfully in conjunction with FTIR to cryotrap metastable intermediates by first freezing the CO-bound protein at cryogenic temperatures and then photodissociating the CO (6 -10) . Recently, the comparison between the cryotrapped and room temperature intermediates of photodissociated aa 3 from mammalian and bo 3 from Escherichia coli was reported, and the results were surprising (13) . Although the frequencies of the major heme-CO and Cu B 1ϩ -CO bands are very similar between the cryogenic and the room temperature spectrum, features due to a change in absorbance of the CϭO stretch of the carboxylic acid side chain of aspartic or glutamic acids are very different. The differences between the room temperature and cryogenic spectra have been attributed to the fact that in the cryogenic spectra, the final state has CO bound to Cu B , whereas in the room temperature case (functional conditions) CO has dissociated from Cu B .
In a report on the "light" minus "dark" FTIR difference spectrum of cytochrome caa 3 at 21 K, two C-O stretching modes were identified at 1953 cm Ϫ1 and 1947 cm Ϫ1 (6) . Also, three minor modes at 1965 cm Ϫ1 , 2036 cm Ϫ1 , and 2060 cm Ϫ1 , albeit with quite poor signal-to-noise, were reported. However, none of the modes were confirmed with isotope data. This work was carried out at 21 K and never addressed the origin of the anomalous low C-O stretching frequencies in caa 3 (5, 6) .
In the experiments reported here we have applied our FTIR approach (14, 15) to study the CO-bound cytochrome caa 3 at room temperature. We have also used time-resolved step-scan FTIR (TR-FTIR) to investigate the ligand dynamics subsequent to CO photolysis at room temperature, which is essential for elucidating the unique chemical mechanisms of the redox processes catalyzed by the enzyme. An understanding of the properties of the caa 3 binuclear center allows us to obtain further insight into the nature of the catalytic center in heme-copper oxidases, and it also serves as a benchmark for studies in which NO is added to the enzyme. Finally, it provides us with information as to whether the low temperature conformers of the CO adduct are populated at room temperature.
Our results indicate that three C-O stretching modes associated with heme a 3 at 1958, 1967, and 1975 3 was determined from reduced-oxidized enzyme using an absorption coefficient ⑀ 605 ϭ 11.7 mM Ϫ1 cm Ϫ1 . The pD solutions prepared in D 2 O buffers were measured by using a pH meter and assuming pD ϭ pH (observed) ϩ 0.4. Dithionite-reduced samples were exposed to 1 atm of CO (1 mM) in an anaerobic cell to prepare the carbonmonoxy adduct and loaded anaerobically into a cell with CaF 2 windows and a 0.025-mm spacer. CO gas was obtained from Messer (Frankfurt, Germany) and isotopic CO ( spectrometer equipped with liquid nitrogen cooled mercury cadmium telluride detector. The FTIR spectra were obtained as difference, using the buffer as background, and each spectrum is the average of 1000 scans. The spectral resolution used for the static FTIR measurements was 2 cm Ϫ1 . The 532-nm pulse from a Continuum Nd-YAG laser (7-ns width, 3 Hz) was used as a pump light (10 -15 mJ/pulse) to photolyze the caa 3 -CO complex. The time-resolved FTIR spectra were obtained with spectral resolution of 8 cm Ϫ1 and 5 s time resolution for the 5 s to 4 ms measurements or 100 s for the 100 s to 80 ms measurements. The total number of slices was 800, with 40 slices before and 760 after the laser firing. A total of ten co-additions per retardation data point were collected. Changes in intensity were recorded with an MCT detector, amplified (dc-coupled), and digitized with a 200-kHz, 16-bit, analogto-digital converter. Blackman-Harris three-term apodization with 32 cm Ϫ1 phase resolution and the Mertz phase correction algorithm were used. Difference spectra were calculated as ⌬A ϭ Ϫlog(I S /I R ). The rate constants for each phase of the decay of the Cu B 1ϩ -CO complex and for CO rebinding to heme a 3 were calculated with three parameter exponential fit to the experimental data. Optical absorbance spectra were recorded before and after FTIR measurements to assess sample stability with a Perkin-Elmer Lamda 20 UV-visible spectrometer.
RESULTS
The optical absorption spectrum of resting (as isolated) caa 3 from T. thermophilus displays Soret maxima at 411 (heme c 3ϩ ) and 424 nm (hemes a 3ϩ and a 3 3ϩ ), and a visible band at 600 nm ( Fig. 1, trace A) . The dithionite-reduced enzyme displays Soret maxima at 416 (heme c 2ϩ ) and 442 nm (hemes a 2ϩ and a 3 2ϩ ) and visible maxima at 520, 548 (heme c 2ϩ ), and 603 nm (a 2ϩ and a 3 2ϩ ) ( Fig. 1, trace B) . The difference spectrum of the reduced CO-bound minus the reduced form is characteristic of CO binding to heme a 3 , as denoted by the peaks at 429 and 592 nm ( Fig.  1 , trace C).
In Fig. 2 (traces A-C) we present the FTIR spectra of the CO-bound cytochrome caa 3 complex at neutral pH and pD at room temperature. For comparison, we have included the analogous spectra of cytochrome aa 3 from P. denitrificans (Fig. 2 , trace D) and mammals ( Fig. 2 , trace E). The spectra of the CO-bound forms of the enzyme exhibit a major peak at 13 CO, pH 7.5 (C). The CO-bound forms of cytochrome aa 3 from P. denitrificans (D) and the mammalian counterpart (E) at pD ϭ 7.5 are included for comparison. Enzyme concentration was 0.5 mM and the path length was 25 m. The spectral resolution was 2 cm Ϫ1 .
distribution of allowed CO conformations. The frequency of the major CO mode in cytochrome caa 3 is 8 and 5 cm Ϫ1 lower than the corresponding frequencies found in CO-bound heme a 3 from P. denitrificans and mammalian, respectively (8, 10, 15) . It is very similar, however, to that found in cbb 3 oxidase whose binuclear center does not consist of o 3 -or a 3 -type heme (14) . The insensitivity of the C-O modes associated with heme a 3 to H/D exchange argues against the possibility of H-bonding between the bound CO and residues within the distal pocket. Several factors can influence the strength of the C-O bond. For instance, distal effects involving the interaction of Cu B could alter the conformation of the Fe-C-O group from its preferred symmetry into a bent or tilt conformation, thereby raising the C-O frequency. Also, the strength of the proximal histidine H-bonding interaction affects the strength of both the Fe-C and C-O bonds that are further influenced by the Cu B distal environment (15, 17) . The Fe-His vibration of heme a 3 in caa 3 has a frequency at 211 cm Ϫ1 (4), which is close to those found in other aa 3 type oxidases and to the high frequency Fe-His (193 and 208 cm Ϫ1 ) conformer of ba 3 (18) . Taken together, from the present FTIR and previous resonance Raman (RR) data (4) it appears that the distal to the heme a 3 environment has more direct control on the vibrational properties of the heme a 3 2ϩ -CO complex. The ␣-, ␤-, and ␥-conformational states have been attributed to changes in the distance between the iron atom of heme a 3 and Cu B (15, 19) . The ␣-form represents a constricted pocket that will not allow CO to coordinate to the heme iron without strong distal polar or steric interactions between the CO and Cu B , whereas in the ␤-form, Cu B is moved away from the bound CO (21) . We have recently demonstrated that in the ␥-form, Cu B is moved closer to the CO-bound heme a 3 , thereby the Fe-C-O moiety is further distorted from its preferred symmetry in the ␣-form (15) . Consequently, we assign the major peak at 1958 cm Ϫ1 to the ␤-form and those at 1967 and 1975 cm Ϫ1 to the ␣ and ␥-forms, respectively. All the heme a-type cytochrome oxidases studied so far exhibit the ␣-form as the stable conformer at neutral pH and at room temperature (10, 17, 19 -21) . Accordingly, cytochrome caa 3 is the only heme a-containing enzyme at the binuclear center in which the ␤-form is the stable conformation. Fig. 3 shows the step scan time-resolved FTIR difference spectra (t d ϭ 10 s to 56 ms, 8 cm Ϫ1 spectral resolution) of fully reduced caa 3 -CO subsequent to CO photolysis by a nanosecond laser pulse (532 nm). Upon photolysis, CO is transferred from heme a 3 to Cu B . The negative peaks at 1958 and 1975 cm Ϫ1 arise from the photolyzed heme a 3 2ϩ -CO complex, and the positive peak that appears at 2062 cm Ϫ1 (t d ϭ 10 s) is attributed to the C-O stretch ( CO ) of the transient Cu B 1ϩ -CO complex, and its frequency, but not its intensity, is very similar to that obtained at 21 K (6). Of note, the intensity of Cu B 1ϩ -CO at 21 K is within the signal-to-noise ratio. In the aa 3 -type oxidases, the frequencies of Cu B 1ϩ -CO at 2064 and 2042 cm Ϫ1 are associated with the ␣-and ␤-forms, respectively (10, 20) . In the cbb 3 -type oxidase, where the binuclear center lacks the hydroxyethylfarnesyl side chain and the highly conserved among the hemecopper oxidases tyrosine 280 (P. denitrificans numbering), the corresponding frequency for the ␣-form is at 2065 cm Ϫ1 (14) . Therefore, the Cu B 1ϩ -CO complex in caa 3 is of the ␣-form, and the presence of the hydroxyethylgeranylgeranyl side chain has no effect on the vibrational properties of the bound CO to either the heme a 3 or Cu B . At early times (10 - The high signal-to-noise ratio in the time-resolved FTIR spectra has allowed us to monitor the decay and appearance of the 2062 and 1958/1975 cm Ϫ1 modes. Fig. 4 Ϫ1 is detected at room temperature. One possible explanation to account for the observed difference in the CO stretching frequencies is that different conformational states are populated at low and room temperatures. Tem-
FIG. 3.
Step-scan FTIR difference spectra of the CO-bound form of fully reduced cytochrome caa 3 (pD 7.5). Spectra are shown at 0.010, 0.015, 0.030, 0.075, 0.125, 0.300, 0.800, 1.5, 3, 4, 7, 8, 9, 11, 14, 17, 22, 30, 38, and 56 ms subsequent to CO photolysis. The spectral resolution was 8 cm Ϫ1 , and the time resolution was 5 s for the 5 s to 4 ms data points and 100 s for the 100 s to 80 ms data points. A 532-nm, 10-mJ/pulse pump beam was used for photolysis.
perature-dependent conformational states have been most intensively studied in the CO-bound form of the aa 3 oxidases from bovine hearts and P. denitrficans (7, 10) . In the mammalian aa 3 ) with temperature for the ␤-form of the aa 3 oxidase from P. denitrificans. Of note, the ␣-confomer in both the enzymes mentioned above is not temperature-dependent. It has also been argued that upon freezing aa 3 from P. denitrificans, the ratio of the ␣-form to the ␤-form is changed in favor of the ␤-form (10). In addition, because of the temperature-independence of the ␣-form it was suggested that the ␣-conformer is in a rigid environment, whereas the temperature-dependent ␤-conformer is in a more flexible environment. In caa 3 both the frequency and intensity of the CO modes are temperature-dependent, and thus we suggest that a conformational change is involved between the low and room temperature conformers that influences the relative population of the ␣-and ␤-forms.
The molecular origin for the heme Fe-Cu B binuclear center that is responsible for the unique Fe-C-O modes is intriguing. In a study with the CO complex of the cbb 3 -type oxidase from Rhodobacter capsulatus by Rousseau and co-workers (22) it was proposed that an open structure lacking the distal interactions present in the ␣-form, and thus allowing the heme b 3 -bound CO to adopt a perpendicular conformation with respect to the heme, is the result of the stable ␤-form that is present in the binuclear center of cbb 3 . Furthermore, it was suggested by the same authors that the ␣-form depends on the linkage between Y280 (P. denitrificans numbering) on the helix that coordinates Cu B and the hydroxy group of the farnesyl side chain of heme a 3 (23) (24) , and because cbb 3 lacks the farnesyl substituent it displays only the ␤-form. The heme a 3 in the caa 3 oxidase contains a hydroxygeranylgeranyl group and the conserved Y280, and thus the linkage between the tyrosine and the hydroxy group of the geranylgeranyl side chain (1). This strongly suggests that the absence of the farnesyl-tyrosine linkage has no direct control on the (CO) stretching frequency, and thus on the type (␣ or ␤) of the stable conformation that is present in heme-copper oxidases.
In the past, it has been suggested that the different conformations at the binuclear center and the existence of equilibrium between them might have significant importance in the enzymatic activity of heme-copper oxidases (21) . In certain mutant oxidases, low frequency CO stretching modes were detected, and the enzyme had no dioxygen reduction activity (25) . In cases in which the ␤-form was detected, the ␣-form was also present, therefore the activity of the conformer with the ␤-form could not be assessed. The frequencies along with the assignments of all forms (␣, ␤, and ␥) of CO-bound cytochrome oxidase, consisting of an a 3 -, o 3 -, and b 3 -type heme, are listed in Table I . The comparison of the tabulated CO frequencies of heme Fe and Cu B of various fully active oxidases indicates that the type of stable conformation (␣ or ␤) that is present at the binuclear center has no direct control on the enzymatic activity. Further inspection of the data establishes that, despite the existence of heme-a, -o, or -b at the binuclear center of heme-copper oxidases, enzymatic activity is independent of the type of the heme.
The properties of the histidine-heme a 3 -CO⅐⅐⅐Cu B unit have been determined from the frequencies and intensities of the . The type of the conformer that is present in the binuclear center may provide significant information concerning the distal pocket. For instance, lengthening or shortening the Fe-Cu B distance could cause changes in the properties of the oxygen intermediates because it is well established that Fe heme ligand frequencies in heme proteins are strongly modulated by the properties of the residues in the distal environment. On this line, it has been suggested that the P and F ferryl intermediates may represent conformational differences in the binuclear center resulting from changes in the distance between the iron of heme a 3 and Cu B (27) . Additional confirmation for the existence of different conformations in the binuclear center comes from the observation of two distinct hydroxy species in heme a 3 . RR studies have revealed that the form of the Fe 3ϩ -OH species with a 450 cm Ϫ1 frequency results from a strong hydrogen bond giving rise to the low Fe 3ϩ -OH stretching frequency (28 -29) . In the form of the Fe 3ϩ -OH species with a 477 cm Ϫ1 frequency, it was suggested that the hydrogen bond is weaker because of a more open pocket (29) . Consequently, the correlation curves of the ␣ and ␤ conformers may serve as a useful tool for studying the steric factors in the binuclear center that govern the catalytic mechanism of the heme-copper oxidases as well as the distance between the heme Fe and Cu B .
The 2062 cm Ϫ1 frequency (␣-form) we observe for the tran- sient Cu B 1ϩ -CO complex at room temperature is similar to that observed at 21 K (6), suggesting that unlike the heme a 3 2ϩ -CO, the frequency for the Cu B 1ϩ -CO complex is not temperature-dependent. The only exception is the mode observed at 2036 cm Ϫ1 in the cryotrapped samples. The data from the transient Cu B 1ϩ -CO complex indicate that this mode is not observed at room temperature. These observations are consistent with those of Alben and co-workers (8) , who found that the low frequency conformer of the Cu B 1ϩ -CO in mammalian aa 3 is present only at cryogenic temperatures. Rost et al. (10) also reported a similar conclusion for the aa 3 from P. denitrificans. The similarity in the frequency of the 2062 cm Ϫ1 mode in both the room temperature and the cryogenic temperature samples demonstrates that freezing does not influence the degree of freedom of the CO-bound Cu B 1ϩ complex. Thus, the differences observed in the CO modes of heme a 3 between cryogenic and room temperature are not due to conformational changes of the Cu B 1ϩ -CO complex but rather are due to conformational changes of heme a 3 . In this sense, the Cu B 1ϩ -CO complex behaves like its counterpart ba 3 , which also displays an identity of behavior at room temperature and at cryogenic temperature (6, 35) .
Photodynamics of the CO-Conformers-The binding and release of small molecular ligands from the binuclear heme-Cu B center in cytochrome oxidase is a complex process that involves ligand motion through the protein and extensive changes in the heme electronic structure and molecular conformation. Studies of CO adducts of cytochrome oxidase have been shown to be important probes of the active site, and photodissociation and recombination studies have revealed the dynamic processes that occur in the binuclear center (5, 30) . To determine the molecular basis for the function of heme-copper oxidases it is necessary to understand the interactions between the hemebound ligands and the residues in their distal environment. Ultimately, this should lead to an understanding of the ligand kinetic behavior and the active site(s) properties. The binding and photodynamics of CO to heme-copper oxidases proceeds according to Reaction Scheme 1, A and B, respectively, REACTION SCHEME I
where k 1 and k Ϫ1 represent the reversible binding of CO to Cu B and k 2 is the first order transfer of CO from Cu B to the heme Fe (5, 30) . In Reaction Scheme 1B, the Cu B 1ϩ -CO complex is fully developed within 1 ps subsequent to CO photolysis from heme a 3 demonstrating the absence of activation barriers to the CO transfer from heme a 3 to Cu B (30) . The state denoted by an asterisk represents a non-equilibrium heme a 3 state characterized by an upshifted Fe-His stretching vibration that, in the mammalian aa 3 oxidase, relaxes to the equilibrium-reduced species at times Ͼ10 s (31) (32) (33) . Recently, it was demonstrated that the unusually fast, strongly temperature-dependent CO dissociation from heme a 3 2ϩ and the presence of an equilibrium Cu B 1ϩ -CO complex in ba 3 is the result of a small affinity (K eq ϭ 1 ϫ 10 5 M Ϫ1 ) of heme a 3 for CO at 20°C (34) . Although the analogous affinity for CO in caa 3 has not been measured yet, from the absence of an equilibrium Cu B 1ϩ -CO complex we conclude that the heme a 3 in caa 3 has a slower thermal CO dissociation rate constant and thus a higher affinity for CO.
The rate of the fast phase decay (35%) of the 2062 cm Ϫ1 mode of the transient Cu B
1ϩ -CO complex we observe is very similar to k Ϫ1 ϭ 2 ϫ 10 4 s Ϫ1 previously reported for the decay of the Cu B 1ϩ -CO complex. Although we observe 35% dissociation of Cu B 1ϩ -CO in the fast process, no rebinding to heme a 3 occurs. The fast phase is followed by a lag phase and then by the slowest process (36.3 s Ϫ1 , 65%). The observed rate we have determined for the rebinding of CO to heme a 3 is similar to k obs (40 s Ϫ1 ), reported previously (5). We have recently suggested that in cytochrome aa 3 rapid recombination to heme a 3 can be enhanced by inhibiting ligand movement away from Cu B by placing diffusional barriers and by removing steric restrictions directly adjacent to the heme a 3 Fe atom (14) . In addition, ligand access to the heme a 3 and net dissociation from Cu B to the surroundings requires transient motions of the protein. We postulated that the protein environment of Cu B in aa 3 directs the thermal dissociated CO from Cu B away from the binuclear center thus preventing it from recombining to the heme a 3 concurrently with its release from Cu B . The previously reported values for k Ϫ1 ϭ 2 ϫ 10 4 s
Ϫ1
and k 2 ϭ 50 s Ϫ1 for caa 3 suggest that the same mechanism that prevents ligand rebinding to the mammalian heme a 3 is operative in the heme a 3 of the caa 3 enzyme. Our data suggest that REACTION SCHEME 2. Overall scheme for photochemical and thermal CO ligation/photodissociation dynamics in cytochrome caa 3 .
the dissociation of CO from Cu B 1ϩ in the slow phase is the rate-limiting step for recombination of CO to heme a 3 . Thus, although the dissociation rate for the first phase (35%) of the Cu B 1ϩ -CO complex is fast in caa 3 , the Cu B environment prevents CO from recombining to heme a 3 . Taken together, the binuclear center in caa 3 oxidase is constructed in such a manner that facilitates rapid migration of the photolyzed CO from heme a 3 to Cu B and slow rebinding to heme a 3 . The long-lived Cu B 1ϩ -CO complex is expected to interfere in the flow-flash oxygenation experiment. Although the kinetic data show that there are two distinct populations of the enzyme with different rates of dissociation of the Cu B 1ϩ -CO complex, it is not certain if the population (35%) of the enzyme with the fast phase is substantial enough to allow uninhibited access of O 2 to the active site, and thus create favorable conditions for the flowflash experiment. Additional experiments are in progress in our laboratory to address this issue.
Model for the CO Ligation/Photodissociation-In Reaction Scheme 2, we present a model for CO kinetics, heme-pocket relaxation, and coordination chemistry in the heme a 3 -Cu B binuclear center of caa 3 . The model consists of two branches, the thermal and the photochemical for CO ligation dynamics at the heme a 3 site. The model is similar to that we have recently proposed for ba 3 (35) except we have not included the equilibrium Cu B 1ϩ -CO complex observed in the ba 3 enzyme. We expect the same time-scales for the initial events in the photodynamics of cytochrome ba 3 as those reported by Woodruff and coworkers (5) for mammalian aa 3 oxidase. Therefore, in the photochemical branch His-heme a 3 is in a non-equilibrium state and relaxes to its equilibrium conformation, and CO dissociates from Cu B and equilibrates into the surrounding solvent. Geminate recombination is not observed after CO photodissociation, therefore neither states 4 nor 5 (Reaction Scheme 2) are the geminate dissociative states formed after photolysis. In states 4 and 5 the photolyzed CO and the heme pocket contain excess energy resulting from the photolysis. The produced heat from the energy of the 532 nm photons appears as excess translational and rotational energy of the CO, without being vibrationally excited and as excess energy in the binuclear moiety. The activated CO binds to Cu B before the binuclear center is thermalized. The binding of CO to Cu B (K 1 ϭ 3.9 ϫ 10 3 M Ϫ1 ) prevents geminate recombination (5) . Nongeminate rebinding of CO occurs through the thermal branch from state 2 with an observed rate constant of 34.1 s Ϫ1 . Conclusions-The determination of the structures in the binuclear center upon CO binding and the photodissociation/ rebinding process remains an important problem that is central to elucidating the dynamics of heme-copper oxidases. The data presented here allow analysis of the general structural perturbations that are responsible for the unique conformations of heme-copper oxidases. The conformational states of cytochrome caa 3 that we see are consistent with the ␤-form of heme a 3 and the ␣-form of Cu B . The conformers detected at cryogenic temperatures were not observed in our room temperature experiments. Structural differences induced by temperature may explain the large differences observed in the strength of the C-O bond when is bound to heme a 3 but not when bound to Cu B . We postulate that the conformational states resulting from changes in the distance between the iron of heme a 3 and Cu B affect only the Fe-CO modes. Therefore, we infer from the data presented here that the properties of the binuclear center in other heme-copper oxidases resulting in the ␣-form are not required for enzymatic activity. From the dissimilarity of the kinetic behavior of CO in caa 3 to that of ba 3 we conclude that different factors that control the slow release of CO from Cu B , and consequently the slow rebinding to heme a 3 in ba 3 , are operative in caa 3 . The formation and decay of the Cu B 1ϩ -CO complex and the reformation of the heme a 3 2ϩ -CO complex can account for the simple model presented here. The determination of the ligation reactions at the binuclear center reported here and the coupled protein response as a function of pH under functional conditions will lead to a better understanding of the heme-copper oxidases function. These experiments are in progress in our laboratory.
